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l.Ü SUMMftnr 

This volume presents the structural design criteria, static design loads, 
and dynamic i.^aign loads for the Model 1108 helicopter. This volume 
shall be the basis for the structural design and analysis of the tip 
turbojet main rotor system. 

1.1 Structural Design Criteria 

The structural design criteria for the tip turbojet main rotor system 
presents the following information: 

a) A general description of all the components that are contained 
in the main rotor system. 

b) Basic design data which includes weight data, main rotor data, 
engine data, rotor speeds, engine environmental requirements, 
blade movement, performance,and mechanical drive data. 

c) Design requirements which include gener J. requirements, flight 
and take-off loading conditions, ground loading conditions, 
control system loads, and mechanical instability, flutter, and 
vibration. 

1.2 Steady-State Design Load Analysis 

To determine the  steady-state dc ign load^ the following loading condi- 
tions were considered: 

a) Centrifugal loads 

b) Rotor blade torques which include gyroscopic torque, induced 
torque due to coning and collective pitch, aerodynamic torque, 
and torque due to one engine failure. 

c) Aerodynamic loads were generated for ten flight conditions 
using the Cornell Aeronautical Laboratory (CAL) airload program 
which produced the steady and first through seventh harmonic 
airloads. 

d) Rotor blade flapwise bending moments were generated using the 
uncoupled Mayo method (Reference 3) for the steady and first 
harmonics, and the analog computer rotor blade simulation method 
(Reference k)  which produced a coupled analysis for the second 
through seventh harmonics. 

e) Rotor blade chordwise bending moments were derived in a similar 
manner as the flapwise moments, in which the steady and first 



harmonics were considered in an uncoupled manner while the 
second through seventh harmonics were analyzed In a coupled 
manner using the same analysis that was used for the coupled 
flapwise moments. 

1.3 Dynamic (Transient) Loads 

The direct analog rotor simulation use^ in Reference h was used for 
studying dynamic loads and motions resulting from a sharp edge gust 
as well as cyclic and collective pitch inputs while hovering. 
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2  0    CONCLUSIONS 

An investigation has been conducted to determine which loading conditions 
would produce the design loads  for the tip turbojet  rotor system      This 
volume includes all of the possible design loading conditions and pre- 
sents either analytically or graphically the magnitude of these loads. 
The  following paragraphs of this section summarize and conclude the im- 
portance of the different  static and dynamic loading conditions 

2.1    Critical Static Design Loads 

2.1.1 Centrifugal Load 

The critical centrifugal loading for the rotor system is due to a rotor 
speed of 105 percent of the design maximum speed (6^0 feet per second). 
The critical centrifugal loading for the rotor system attachments is due 
to a rotor speed of 125 percent of the design maximum speed. 

2.1.2 Rotor Blade Torque 

Design torque for the rotor blade is a nose-down torque. This is due 
primarily to the gyroscopic moment caused by the tip engines. For the 
maximum design torque condition, three conditions are combined giving a 
conservative loading. These conditions are tip engine gyroscopic moment, 
rigid coning torque, and centrifugal centering torque. 

2.1.3 Aerodynamic Loading 

The rotor blade airloads were analyzed using Cornell Aeronautical Labora- 
tory (CAL) airload program.  This program produces the steady plus first 
through seventh harmonic alternating lift and drag airloads. An iterative 
procedure was necessary to obtain the proper steady airload, which corre- 
sponds with the proper thrust for different flight conditions. The in- 
flow distribution and collective pitch were the two inputs changed for the 
iterative process. 

2.1.4 Rotor Blade Bending Moments 

2.1A.1 Flapwise Bending Moments 

Two methods were used to analyze flapwise bending moments, the Mayo 
method (Reference 5) and the direct analog computer simulation method 
(Reference k).    The Mayo method produced the steady, first, and second 
harmonic flapwise bending moments while the direct analog coraputer sim- 
ulation method produced the second through seventh harmonic flapwise 
bending moments. The second harraonic flapwise bending moments were cal- 
culated by both methods, and a comparison shows that the second harmonic 
sine components have little correlation while the cosine components seem 
to correlate. However, the Mayo method has a 50- to 100-percent conserv- 
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ative margin.    The second harmonic of the Mayo method should be used for 
comparison only and not for design purposes. 

•Rie 2.5g pullup is selected as being the condition which yields the 
largest steady bending moment  in combination with its complement of har- 
monic moments.    The lg forward  flight conditions are selected as yielding 
the harmonic bending moments of the longest duration (i.e.,   for fatigue 
considerations).    The -0.5g hover condition produces the  largest nega- 
tive in-flight bending moment at the root of the blade while negative 
static droop moments are critical at blade sections outboard of the 
retention. 

2.1.U.2    Chordwise Bending Moments 

Chordwise bending moments were treated in a simple uncoupled manner for 
steady and first harmonic loadings while a coupled analysis was made for 
the second through seventh harmonic loadings using the direct analog 
computer simulation method  (Reference U).    The largest steady chordwise 
bending moment is due to two engines inoperative.    Only the  conditions 
which produce the maximum harmonic chordwise coupled bending moments 
were plotted.    Thus, combining these steady and harmonic chordwise loads 
for design purposes will produce a conservative design. 

2.2    Dynamic  (Transient) Design Loads 

2.2.1 Gust 

Gust load factors were derived by two separate methods:  first, consid- 
ering the rotor blades to be rigid and treating the hovering rotor as 
having undergone an instantaneous change in inflow equal to the gust 
velocity; and second, considering the rotor blade to be flexible and 
using the direct analog computer simulation method (Reference k).    Con- 
sidering the blade as rigid gives a load factor greater than the design 
maximum of 2.5g while consideration of the flexible blade reduces the 
load factor to 2.25g. The rigid rotor analysis is considered to be too 
conservative and therefore the analog computer simulation of the flexible 
blade shall be used for design loading. 

2.2.2 Cyclic Pitch Transient 

The direct analog computer studies simulated a whirling of the cyclic 
stick at a critical frequency which is considered to be within the pi- 
lot's capability.    This simulation produced a bending moment at the root 
only; therefore, a conservative chordwise bending moment distribution, 
based on the transient gust response mode shape, was utilized for this 
condition.    This condition results in the maximum positive and negative 
chordwise bending moments.    Because the structural damping factor used 
for this analysis was assumed,  it is recommended that a simulation of 



this condition be made on a test stand to verify the magnitude of the 
in-plane design bending moments. 

2.2.3    Collective Pitch Transient 

An exponential collective pitch input of 0.01 radian was used to deter- 
mine the blade response using the direct analog computer.  The transient 
collective pitch in-plane bending moment is less than that resulting 
from the transient cyclic pitch condition.    The pitching  (torsionul) 
deflection at the tip is similar in character to the flapwise deflection 
curve insofar as there  is no transient overshoot  from the initial tip 
angle to the final  steady-state value.    Therefore, the transient torsion- 
al moments on the blade will be noncritical for the collective pitch in- 
put condition. 

2.2.U    Dynamic Tip Environment 

The maximum g loadings at the tip occur during a forward flight condi- 
tion and a UO-foot-per-second gust during hover.    This tip acceleration 
environment waa determined by considering the second harmonic motion of 
the blade and the associated deflection at the tip, then differentiating 
the motion twice to produce acceleration. 



3.0 RECOMMENDATIONS 

The recommendationB pertaining to the work contained in this volume are 
as follows. 

a) Because of the relative importance of identifying the structural 
damping factor in determining the chordwlse bending moments due 
to a cyclic whirling (Section 5.2.2.1), it is recommended that a 
simulation of this condition be made on a test stand. 

b) In view of the poor correlation between the Mayo method and the 
direct analog computer method for determining the second harmonic 
blade moments (Section 5.1.4.1), it is recommended that the first 
harmonic airload be verified using the direct analog computer. 
This would eliminate performing harmonic bending moment analyses 
by the Mayo method (digital method). 
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h.O    STTUJCRIRAL DESIGN CRITERIA 

k.l    General  Information 

k.1,1    Introduction 

Printed herein are the structural design criteria for a tip turbojet 
main rotor system. 

k.l.2    General Description 

A tip turbojet rotor system is designed  for a cargo helicopter having a 
pay load of 12 tons and a gross weight of 7'-,000 pounds.     The rotor sys- 
tem shall have  four blades and two engines mounted in an over-under 
arrangement on the tip of each blade.    Each blade shall have a radius of 
56 feet to the centerline of the engines and a chord of 6.5 feet.    The 
maximum tip speed  shall be 65O feet per second.    The mean blade lift co- 
efficient  shall be  0.)28.     The turbojet engines used   for the rotor system 
shall be a modification of the    J69-T-29 engine designed by Continental 
Aviation and Engineering Corporation. 

^.1.5    Description of Components 

l*.1.3.1    Main Rotor System 

The rotor system shall be defined as the components above the attachment 
of the rotor to the rotor shaft.    The blades are hinged to the hub by a 
retention system which allows the blades to pitch while supporting the 
centrifugal load.     A drag link is provided to support the load due to 
drag on the blade.     The hub is supported by a gimbal which allows the 
blades to teeter freely in any direction.     The engines are supported at 
the tips by a mounting system that  is bolted to the blade structure. 
Nacelles are partially restrained by the engine-mounting structure and 
partially on the blade tip end. 

U.l.5.2    Control System 

Control arms connect the roots of the blades to a swash plate on the 
rotor shaft.    Lateral and longitudinal control is obtained by tilting 
the swash plate which causes cyclic  feathering of the rotor blades, tilt- 
ing the tip path plane in the desired direction of flight.    Vertical con- 
trol is obtained by raising the swash plate vertically which causes direct 
collective  feathering of each blade by an equal amount. 

The cyclic and collective control systems have dual hydraulic power 
cylinders, which provide power boost to these control systems.     A dual 
system is provided  for fail-safe purposes, which allows the second cyl- 
inder to operate if the first cylinder fails. 



U.l.5.3    Engine Section -  Fuel and Oil Systems 

There are eight engines  for each rotor system.    Bach blade will have two 
engines mounted on the  tip  in an over-under arrangement.  The engines are 
a modification of the J69-T-29 engine designed by Continental Aviation 
and Engineering Corporation and have been assigned Model No. 557-1 by 
that company.  The  fuel  system consists of fuel  lines,  two rotary Joints, 
and two fuel supply manifolds which separate the  fuel into individual 
lines  for each engine. 

The airframe-mounted oil system consists of oil lines and an oil re- 
plenishing tank located  In the airframe,  together with a pump,  pressure 
regulator, bypass and  filter.    Iht; replenishing tank-mounted pump sup- 
plies oil under pressure  to engines in static operation, and during 
rotation will raise oil to blade height. 

U.I.3.I1    Electrical Section 

Electrical power will be required for engine control,   fuel valves,  oil 
valves, and a starting air valve. 

U.l.3.5    Mechanical Drives 

The main rotor pylon is driven by the  tip turbojet rotor system.    The 
nmin rotor pylon drives a hydraulic p' full-time governor, AC gener- 
ator, tachometer, and tail rotor.    Tht        1 rotor is driven by the pylon 
only during an emergency operation,  in which the auxiliary power unit 
is not operating.    The tail rotor drive has an engage clutch. 

k.2    Basic Design Data 

U.2.1   Weight Data 

Preliminary weight data which is to be the basis of initial structural 
analysis and testing is presented in this section. A weight breakdown 
of the rotor system is as follows: 

Rotor group (hub and blades)  l6,598 
Rotor pylon  1,751 
Engines  2,920 
Engine components       1,599 

Oil system  20^ of        l60» 
Fuel and  fuel  system  1^ of lU,2l6» 
Electrical  system  20^ of        750* 
Instruments  255f of        296« 
Flight controls  70^ of    l^k* 

Th    e are CBtimated percentages of the gross weight of the respective 
groups.    (Reference Volume VII, Section U.2.2.) 

6 

MM *r, 
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k.2.2   Main Rotor Data 

Type  Teetering 
Radius  56.0 ft. 
Chord  6.5 ft. 

1                                        Disk loading  7.3 lb/ft2 

No. of blades  k 
Solidity  0.1U8 
Design mean blade lift coefficient  . 328 
Dlade aspect ratio  8.60 
Twist  -10 deg. 
Hover tip speed  65O f.p.p. 
Cruise tip speed  592 f.p.s. 

U.2.3 Engine Data 

The engines used are a modification of the J69-T-29 engine designed by 
Continental Aviation and  Engineering Corporation.  Engine data pertinent 
to the structural analysis are: 

Thrust of each engine (static)  1,700 1b. 
Mass moments of inertia of each engine: 

I(roll) 38 in-lb-sec* 

I(yaw) 125 in-lb-sec^ 

I(pitch) 125 in-lb-sec2 

Speed of rotating parts (maximum) ■ 22,000 r.p.m. 
Polar moment of inertia of rotating parts for each engine «=1.7 
in-lb-sec2. 

k.2.k   Main Rotor Speeds 

The rotor speeds for power on shall be as follows: 

a) Design maximum speed  V
T 

= ^0 f-p-s. 

b) Design minimum speed  V
T ~ ^2 ^'P'8* 

c) Overapeed operation  ^T * ^®3 f •p.s. 

d) Limit speed  V-, = 813 f.p.s. 

where:  Design maximum speed is the rotor tip .speed necessary during 
hover at 6,000 feet. 
Design minimum speed is 95 percent of the rotor tip speed 
during sea level cruise. 

It is more efficient to operate at a lower tip speed during sea level 
maneuvers; however, the higher tip speed is necessary for hovering at t. 
6,000-foot altitude. 



Overspeed operation Is 105 percent of design maximum speed for one min- 
ute with a total cumulative operation time of 50 minutes per 1,000 hours 
of operation. 

Limit speed is 125 percent of design maximum speed and shall be us«d for f» 
structural design of attachments when combined with bending moments pro- 
duced from a hover condition or a ground run-up condition. 

U.2.5 Special Engine Environmental Requirements 

Special engine environmental requirements shall be as follows: 

a) Design maximum: - The engine shall be capable of operating in a 
continuous environment having a centrifugal load of 255g normal 
to the tip path plane axis. 

b) Overspeed operation: - The engine shall be capable of operating 
in a continuous environment having a ce trifugal load of 2c)9g 
normal to tip path plane axis for one nunute with a total cumula- 
tive operating time of 30 minutes per 1,000 hours of operation. 

c) Limit: - The limit centrifugal load for structural design analysis 
is 567g normal to the tip path plane axis for nonrotating parts of 
the engine only. 

d) The engine shall be capable of operating in a continuous environment 
having a vertical load normal to the blade axis due to an alternat- 
ing or transient loading condition. 

e) The engine shall be capable of operating in a continuous environment 
having an in-plane load normal to the blade axis due to an alternat- 
ing or transient loading condition. 

k.2.6    Rotor Blade Movement 

Collective    0° to 15° 
Cyclic pitch, longitudinal     +12°, -8° 
Cyclic pitch, lateral      ^12° 

U.2.7 Performance 

A preliminary estimate of performance for the tip turbojet is as follows: 

Maximum speed (VH)     125 m.p.h. 
Limit dive (Vn)    115^ of 125 m.p.h. 

^ F. Hovering ceil?ng 0.G.E   6,000 ft., 95C 

U.2.8 Mechanical Drives 

U.2.8.1 Main Rotor Pylon 

The o itputs to the main rotor pylon from the main rotor necessary to drive 
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the tall rotor (id accessorleB during an emergency  flight condition shall 
be as  follows: 

Design  speed         Ill  r.p.m. 
Design horsepower           500 hp 

^.2.8.2    Tall  Rotor Drive 

In an emergency  flight condition the  tall  rotor will be driven by the 
main rotor pylon.     The outputs to the tall rotor drive from the mein 
rotor pylon shall be as  follows: 

Design  speed       3,700 r.p.m. 
Design  horsepower             220 hp 

4.)    Design Requirements 

4.).1    General 

4.5.1.1    Strength 

The rotor system structure shall be  capable of supporting without  failure 
the ultimate  loads  resulting  from the  loading  conditions,  and  repeated 
load and endurance  tests of Specification MIL-T-8679'    Allowable  stress 
values to be  used  in the  stress analyses  shall be those taken  from ap- 
proved government publications,  such as MIL-HDBK-5    or various NACA or 
Bureau of Standards reports, whenever possible. 

1+.5.1.2    Factor of Safety 

The minimum yield factor of safety shall be 1.0 and th'j minimum ultimate 
factor of safety shall be 1.5. 

4.5.1.5    Deformations 

The magnitude and distributions of the limit,  yield, and ultimate loads 
shall include  in their determination the effects of deformation of the 
structure which results  from the corresponding loads.    The structure shall 
be capable of supporting the yield and limit loads without permanent defor- 
mation that would affect adversely the aerodynamic characteristics or the 
mechanical operation of any part of the helicopter,  or that would be notice- 
able upon inspection.    The magnitude  and distributions of internal loads 
shall include in their determination the effects of thermal deformation. 
Deformations resulting from operation under all ambient temperatures in 
the range -650 F.   to +l600 F.   shall  be considered. 

4.5.1.4    Fatigue 

The magnitude of stress reversals shall be minimized,  and materials and 
design details  shall be used that minimize the possibility of fatigue 
failure.    The  following three basic   lactors must be known to give a 
rational determination of the  fatigue  life of a structure. 
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U.5.1.^-1    Flight  Stress Measurements 

Because of the approximations employed  in rotor load and stress distribu- 
tion analyses,  the  calculated rotor fatigue stress  levels are not consid- 
ered to be accurate enough for competent blade design.     Rotor  stress 
levels shall therefore be determined by means of carefully controlled, 
instrumented   flight  strain gage testing.     These tests  shall determine 
the magnitude of steady and oscillatory  stresses associated with normal 
helicopter operation and the correlation of the occurrence of critical 
stresses with specific maneuvers or operating conditions.    A rational 
evaluation of the  critical stress areas  shall be made in order to deter- 
mine the proper distribution of gages. 

Table 2, page 18, contains a list of maneuvers for investigation in a 
flight strain survey. These maneuvers shall be investigated over the 
complete r.p.m.,   speed, altitude,  center of gravity,  and weight ranges. 

k.^.l.h.2    Frequency of Loading 

Table 1, page 17,  gives an estimation for the percentage of total oper- 
ating time associated with each flight maneuver. 

U.3.1.If.5    Fatigue  Strength 

The maximum acceptable stress levels are to be obtained by use of modi- 
fied Goodman Diagrams.     If the maximum fatigue stresses  fall below the 
maximum acceptable stress level,  the system can safely be assumed to 
have infinite life and no fatigue testing is necessary.    If the operat- 
ing stresses are above the acceptable stress  level,  fatigue tests of the 
actual component are required.    Methods  for determining the service life 
may be found  in Appendix A of Civil Aeronautics Manual 6. 

U.5.I.5    Load Factors 

The vertical load  factor at the center of gravity for a Class III heli- 
copter shall be ♦2.5 or -0.5-    Table 2, page l8,  suramariL'-c  the load 
factors at the center of gravity for different flight mareuvers. 

U.5.2    Flight and Take-Off Loading Condition 

U.3.2.I    Flight Load Parameters 

4.3.2.1.1    Airspeed 

Table 2, page l8, sunmarizes the airspeeds for different flight maneuvers. 
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U.3.2.1.2    Altitudes 

The altitudes shall be the altitude at which the equivalent airspeed 
corresponding to VH (125 m.p.h.)  is a maximum,  the altitude at which 
the maximum Mach number at the rotor blade tip is attained,  and any 
intermediate altitude that results  in limitations  (critical loads, ex- 
cessive vibration, etc.) arising  from variations of the aerodynamic 
characteristics of rotor blade  stall. 

4.3.2.1.5    Control Motions 

For a Class  III helicopter,  a time  interval of 0.4 second shall be used 
for control  forces and displacements specified for different flight 
maneuvers  shown in Table 2. 

U.3.2.2    Symmetrical Flight 

Table 2,  page 18,  summarizes the  following flight maneuvers. 

U.3.2.2.1    Maximum Speed 

The airspeed shall be VD (1.15 x 125 m.p.h.) in forward,  rearward, and 
sideward  flight.     Vhe normal load  factor shall be unity.    The rotor 
speed shall be as follows: 

a) The overspeed operation, power on 
b) The design minimum rotor speed, power on 

4.3.2.2.2 Design Fatigue Loading 

The design fatigue loading shall be in accordance with the fatigue 
design loading schedule. Table 1, page 17.    Ihe rotor system, except 
those  items covered by applicable specifications,  shall be designed 
for a minimum fatigue life of 1,000 hours. 

4.3.2.2.3 Syrnnetrical Dive and hullout 

The forward airspeed shall be V-  (1.15 x 125 m.p.h.) and 0.6 V« (0.6 x 
125 m.p.h.).    The normal load factor shall be -O.5 or "^2.5 for each spec- 
ified airspeed.    The rotor speed  shall be as follows: 

a) The overspeed operation, power on 
b) The design minimum rotor speed, power on 

The pitching accelerations ehall be those developed by a linear displace- 
ment of the controls in not more than 0.4 second, which results in the 
specified load factor, then returning the controls in not more than 0.4 
second to that displacement required for level flight. 
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h.l.2.2.h    Vertical Take-Off 

With the helicopter on the ground,   the collective pitch control shall be 
displaced to change the main rotor blade pitch from the minimum to the 
maximum angle  in not more than 0.^  second.     The resultant  normal  load 
factor shall be *2.'j,  and the rotor  speed  shall be an overspeed  opera- 
tion, power on. 

U.3'2.3    Unsymmetrical Fllgh* 

Table 2, page 18,  summarizes the  following flight maneuvers. 

4.3.2.3.1 Rolling Pullout with Maximum Control Displacement 

The forward airspeed shall be V (1.15 x 125 m.p.h.) and any lower speed 
that results  in critical loads.    The  rotor speed shall be  as follows: 

a) The Overspeed operation,  power on 
b) The design minimum rotor speed,  power on 

The rate of roll chall be the maximum attainable with a lOO-pound later- 
al control force, or full lateral displacement, applied in not more than 
O.k second. The normal load factor shall be 0.8 times the positive load 
factor of +2.5 and also shall be zero. The maximum rate of roll and the 
load  factor  shall occur simultaneously. 

4.3.2.5.2 Yawing 

The airspeed shall be V.^ (1.15 x 125 m.p.h.) and any lesser speed which 
produces critical side load in forward flight and sideward flight. The 
directional control shall be displaced to the maximum displacement in 
not more than O.U second. The control displacement shall be maintained 
until the maximum angle of sideslip is developed and shall then be re- 
turned to neutral position at the same rate of displacement. The rotor 
speed shall be the overspeed operation, power on. 

4.3.2.4 Gust 

The airspeed  shall be V    (125 m.p.h.)  in forward  flight.     A gust of 40 
feet per second  shall be encountered.     The rotor speeds  shall be all 
speeds up to  the overspeed operation,  power on. 

4.3.2.5 Preliminary Deaign Spectrum  for Rotor Airload Analysis 

Table 3, page 19,  summarizes the flight maneuvers to be used as a pre- 
liminary design spectrum for rotor airload analysis.    These  conditions 
shall give maximum airloads on the blade and   dso airload  trends due 
to flight speed and rotor tip speed. 
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U.3.3    Ground Loading Cundition 

U.3.3.I    Wind Loads 

The helicopter shall be on level ground with rotor turning at the 
critical rotor speed for ground flapping.    The aerodynamic loads shall 
be those resulting from a UO knot wind from any horizontal direction. 
Inertia loads resulting from the flapping of the rotor blades shall be 
combined with the aerodynamic loads. 

U.3.3.2    Crash Landing 

Sufficient strength shall  be provided In the attachment of the rotor 
system to prevent failure of such attachments which would result in 
injury to personnel.    The  ultimate   Inertia-load factors  shall be 
-kDg  longitudinal and vertical,  and t2.0g side. 

U.3.U    Control System Loads 

The controls considered as part of the rotor system shall be those 
above the swash plate.    The controls shall be designed to withstand the 
loads resulting from the pilot-applied loads,  the power cylinder output 
load,  or the loads  imposed by the rotor blades,  whichever  is greater. 

A loading distribution from the swash plate to the rotor blades shall 
have the following considerations: 

a) 50 percent to two blades,  50 percent to the other two blades. 
b) 50 percent to two blades, 0 percent to the    other two blades. 
c) 60 percent to two blades,  kO percent to the other two blades. 

All control systems are to be designed for fatigue loads based on normal 
operating loads, and the fatigue loading spectrum presented in Table 1, 
page 17. 

U.3.5    Mechanical Instability,   Flutter, and Vibration 

U.3.5.I    Vibration Comfort Levels 

The helicopter shall be so designed that the main rotor-induced 
fuselage and control-stick vibration levels do not exceed the limits 
specified in specification MIL-H-85OI. 

U.3.5.2    Flutter 

The rotor blades and attached control surfaces, if applicable, shall be 
free of flutter and divergence at rotor speeds up to 1.25 times the 
overspeed (1.05 x 650 f.p.s.) operation. 
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•♦.3.5.3 Mechanical Instability of Rigid Blades 

The calculations of the mechanical Instability analysis shall demonstrate 
that the lower limit of the instability speed range Is above the maximum 
speed for the main rotor. 

U.3.5.U Rotor Blade Clearance 

The design of the rotor system shall be such that, upon installation on 
the helicopter, there shall be sufficient clearance of the blades to the 
ground, to each other, and to other parts of the helicopter. During 
operation in all flight regimes, the clearance between main rotor blades 
and other parts of the helicopter shall be not less than nine Inches, and 
preferably 12 inches.  Sufficient clearance shall be provided, with the 
rotors in operation, in order that crew members will not be in the plane 
of rotation and can safely enter and leave the aircraft. 

h.5.6    Dynamic (Transient) Conditions 

The rotor system shall be capable of withstanding dynamic (transient) 
moments and torques due to a 40-foot-per-second gust, a transient cyclic 
pitch, and a collective pitch input. 
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TABLE 1 
DESIGN FATIGUE LOADING  SPECTRUM 

Maneuver 
Percent 

Occurrence 

A. GROUND OONDITION woH 

1. Rapid  Increase of r.p.m. on ground     1 
2. Taxiing with full cyclic control    [.■.'.^^•■'^^ 
3. Jump take-off           1 

B. HOVERING 

1. Steady hovering        »rJ3 *"■" 1"'. 
2. Lateral  reversal    P,.^''  t'.Spl 
3. Longitudinal reversal    1-1 
k. Rudder reversal            1 

C. FORWARD FLIGHT  - POWER ON 

1. Level flight - 20 percent V  i;1,^  ■■■^C 
2. Level  flight - kO percent VJJ         20 
5. Level flight - 60 percent VH       25 
k. Level flight - 80 percent VH I ?'^;' "^ 
5. vH  

H !:'-   'fi' 
6. 115 percent VH   Wbtmr<&U 
7. Right turns    9L,0 [ r}lcl 

8. Left turns            5 
9. Climb (take-off power)   fiJn.fsmn^aSu 

10. Climb  (maximum continuous power)            h 
11. Partial power descent (including condition 

of zero flow through rotor)  tl «aiO    ^2 
12. Land ing approach           k 
13. Cyclic smd collective pullups from level 

flight    1. ^nBd-qo^S 
14. Lateral reversals at VH        t)ß^ 
15. Longitudinal reversals at V^           1 
16. Rudder reversals at V             1 

too Into -{{8 
. fribinrf'JxiJ '£ 

95 

01 

li 

SS.-3 
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TABLE 2 
MAIN ROTOR SYSTEM FLIGHT CRIIERIA 

Cond. Flight Maneuver 
Limit 
Load 
Factor 

Flight 
Speed 

(m.p.h.) 

Rotor 
Tip Speed 
(f.p.s.) 

1 Hover 1.0 0 685 
6l8 

2 Minimum r.p.m. hover 1.0 ü ^15 

3 Symmetrical- maximum speed 1.0 Ikk 
hi 

622 
562 

1» Symmetrical - design fatigue 
loading (see schedule, Table 

1) 

Minimum fatigue life 
of 1,000 hours 

5 Symmetrical - pullout 2.5 Ikk 
kl 

622 
562 

6 Symmetrical - dive -0.5 Ikk 
kl 

622 
562 

7 Synmetrical - vertical 
take-off 2.5 0 622 

8 Unsynmetrical - rolling 
pullout 

2.0 Ikk 
41 

622 
562 

9 Unsynmetrical - yawing 1.0 ikk 
kl 

622 

10 Gust {k0  f.p.s. ) to be 
determined 

Ikk 
kl 

622 
562 

11 Stop-bang ground gust 
load 

- ko 
f.p.s. 
(gust) 

critical 
rotor 
speed 

12 Special condition for 
attachments 

1.0 0 815 
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Flight 
Conditions 

TABLE 3 
PRELIMINARY DESIGN SPECTOUM 

FOR ROTOR AIRLOAD ANALYSIS  (CRITERIA) 

Flight 
Maneuver* 

Limit Load 
Fictor 

Flight Rotor 
Speed        Tip SpeeJ 

(ra.p.h.)       (f.p.s.) 

1 

2 

3 

k 

6 

7 

8 

9 

10 

Minimum r.p.m.  hover 

Hover 

Forward  flight 

Cruise 

Dive 

Pullout 

Design maximum 
forward  flight 

Design maximum 
forward  flight 

Design maximum 
forward  flignt 

Gust kO  f.p.s. 

1.0 0 

1.0 0 

1.0 1*1 

1.0 70 

-0.5 1*1 
Ikk 

2.5 kl 
Ikk 

1.0 kl 
Ikk 

1.0 kl 
Ikk 

1.0 kl 
Ikk 

to be kl 
determined Ikk 

415 

650 

592 

592 

562 

562 

562 

592 

622 

622 

Sea level and gross weight. 
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^.0    ROTOR DESIGN LOADS 

All rotor blade loads which are discuBsed  in  Mils report are based on 
the preliminary blade weight and stiffness data which were used  in the 
rotor blade flutter study.    These data are plotted In Figures 6 and 7 

I and represent one blade of a four-bladed,  universally teetering rotor 
system.    Additional data which are needed  in this report are documented 
in those sections  in which the data are uBi?d. 

5.1    Steady-State Design Load Analysis 

5.1.1    Centrifugal  Loads 

The rotor blade weight distribution presented  In Figure 7 in combina- 
tion with a concentrated tip weight, W      of 1,200 pounds are used to 
obtain the rotor blade radial  load curve due to centrifugal force which 
is presented  in Figure 8.    The following general  formulas are used to 
compute centrifugal force. 

168 < r < 672 in. : 

8ii < r < 168 in.: 

c.F. - [ui39 * ( •0O08^r
35b

2-^66^) r21a2 (1) 

^  . [U583 ♦ (^06^2-*70010) r2]*2 (2) 

0 < r < 8U in. 

where: 

c.F. -[4552 .L|^ja2 (5) 

r    - Radial distance from centerline of rotation,  in. 
ß    ■ Rotor angular velocity,   rad/sec. 
WT » Tip weight,  1,200 lb. 

5.1.2    Rotor Blade Torque 

5.1.2.1    Gyroscopic Torque 

The  four-bladed rotor design has two Continental 357-1 turbojet engines 
mounted on each blade tip in an over-under configuration.    The compres- 
sor turbine components of both engines rotate in a countercloclcwise 
direction viewed from the rear, while the rotor blades rotate In counter- 
clockwise direction viewed  from above.     The gyroscopic moment imposed by 
the engines on the rotor blade,  then,   is  in a nose-down direction. 

The engine parameters which influence gyroscopic moment are as  follows: 
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IE -   Inertia of rotating items,   1.67 lb-ln-sec /engine 

(ü-, - Angular velocity of rotating items, 2,50^ rod/sec. maximum 

The gyroscopic moment is: 

G ' K K    (Negative sign indicates nose-down torque) 

For rotor blade design,  the maximum rotor speed is defined  in Section 
^.0 as 1.05 times the nominal operating speed. 

Therefore:    ü^^ =■ l.O^Spj«  12.19 rad/sec.  for blade design 

and T    = -2(1/7)2,304(12.19) •  -95,800 in-lb 

For engine attachment design,  the maximum rotor speed  is defined  in Sec- 
tion k.O as  1.25 times the nominal operating speed. 

Therefore:    ß        - 1.25 ("cZr) ^  14-51 rad/sec.  for engine attachment 
design 

and TG = -2(l.67)2,504(lU.5l) - -111,700 in-lb. 

5-1.2.2    Induced Centrifugal Torque 

There are  two  induced centrifugal torques of interest:    that due to 
blade coning and that due to collective pitch. 

5.1.2.2.1    Induced Torque Due to Coning 

The so-called  "rigid coning" torque  is primarily a function of the blade 
and tip mass chordwise center-of-gravity locations in relation to the 
blade feathering axis (quarter chord).    Consider the unit mass of Figure 
1 displaced a distance x aft   (+) of the feathering axis. 

rotation 

Figure 1. Induced Torque Due to Coning. 
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This unit mass causes a nose-up torque about the feathering axis of 
magnitude mrH' x sin a  which can be simplified to mrQ2xa0 since the 
coning angle is small and sin a0 «w a0. 

For a blade with a tapered mass distribution and a concentrated tip 
weight, the formula for Induced torque due to coning is as follows. 

Tao " m0R
2n?xBa0 ^ + i j + -1 Rn?^ (4) 

where .. 2,, 
,-,    . J •        j,.  i • u-i    > lb-sec /in. m^ = blade mass distribution at blade root, —'  0 in. 

R = rotor radius, 6?? in. 

n = rotor angular velocity, rad/sec. 

X = ratio of blade mass distribution at the blade tip/mass distri- 
bution at the blade root 

WT = tip weight, 1,200 lb. 

a = coning angle, rad. 

Xg = distance of blade center of gravity from feathering axis, + aft, 
in. 

Xm = distance of tip weight center of gravity from feathering axis, 
+ aft, in. 

Using Figure 7 and neglecting the root weight buildup, the mass param- 
eters for Equation (U) are taken as 

m0 = U.7/386  lb-sec
2/in2 

\    = 2.9A.7 
therefore 

2 
T  = Q a 1ao  w Bo 20l+7xB + 208930p (5) 

Present design specifies 

Q = 1.05(-^2) = 12.19 rad/sec. (maximum) 

a «s i:.25/57. 3 rad. (maximum 2.5g pullup) 

xg = 0 (quarter-chord balanced) 

Xj, = ..03c = -2.3U in. 

Therefore 

Tg^ = - 28,500 in-lb.  (maximuin) 

Since quarter-chord balancing the blade results in the use "»f non- 
structural material in the leading edge, it is possible that the center 
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of gravity of the distributed mass might be allowed to move aft  (reduc- 
ing Ta  ) but  in no case will x^ become negative. 

5.1.2.2.2    Induced Torque Due  to  Collective Pitch 

The  so-called  "centrifugal  centering"  torque  is primarily  a  function of 
the mar.s properties of the blades and tip weight. 

A general definition for the centrifugal centering torque due to a unit 
length of rotor blade  is 

where:    ß      - Rotor angular velocity,   rad/sec. 

I      -  "Yawing" mass moment of inertia of the unit section, 
lb-in-sec /in. 

I      =  "Rolling" mass moment of inertia of the unit section, 
lb-in-sec /in. 

0      = Blade geometric pitch angle,  rad. 

I      is generally much larger than 1^ for a standard rotor blade section, 
ana  it is simplifying as well as conservative to neglect  ly^-     If it is 
also assumed  that Izz is uniform for the entire blade,  as the jitching 
inertia of Figure 7 suggests,  the  following formula can be written for 
root torque of a rotor blade with linear twist and a concentrated tip 
weight. 

Q 

T    =  -Ö2RIZZ fö    + JH- fl^I     -I     )..   (g    + 0_) (7) 
0 ZZ

B\ O      2  / 7z      xx'tip^o        T 

Present design indicates 

Ö =1.05 (S~) "  12.19 rad/sec.   (maximum) 

lzz        «3 2 lb-in-sec2/in. 
B 2 

I77  .    * 505 lb-in-sec zztip p 
L«,        %   5l8 lb-in-sec xxtlp 
0 «a 22.5/57.5 rad.   (maximum) 

0T =    -IO/57.5 rad. 

Substituting these values into Equation (7) yields: 

T0 - -(12.19)2672(2)(2^2). (12.19)2(505-515)(22-^10) 

T0 -  -60,990 + 6;8lO * -5^,200 In-lb.   (maximum) 
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5.1.2.5 Aerodynamic Torque 

The  torques created by airflow over the blade section and engine nacelle 
are not so precisely defined as are those previously discussed.  Gener- 
alizations can be madf, however, to assess their relative magnitudes. 

5.1.2.3.1 Torque Due to Blade Airfoil Section 

The pitching moment about the aerodynamic center (ac) of an NACA 0015 
airfoil is taken as zero from several sources which need not be refer- 
enced. A torslonal moment will result on the blade, however, due to the 
lift vector since the center of pressure of an  NACA 0015 airfoil is usu- 
ally taken near the 2k  percent chord point or .01c forward of the feather- 
ing axis.  The torsion thus created would be in the nose-up (+) direction 
and would subtract from the torques of Sections 5.1.2.1 and 5.1.2.2.  It 
Is conservative, then, to neglect the aerodynamic tjrque due to blade 
airfoil section. 

5.1.2.5.2 Torque Due to Engine Nacelle 

Numerous wind tunnel data were taken for several nacelle configurations, 
each of which was investigated aerodynamically through a pitching and 
yawing angle of attack rante. Scaling these data for use on the tip 
turbine nacelle shows that the most severe pitching moment (torque) 
imposed at the blade quarter chord is insignificant (< 5^) when com- 
pared with the torques discussed in previous sections. 

5.1.2.14 Torque Due to One Engine Failure 

With an over-under engine configuration at each blade tip, there exists 
the possibility of \osing thrust on one engine and imposing a torque on 
the blade due to the remaining engine's thrust vector being either 15.5 
inches above or below the rotor blade chord line. It must be remembered, 
however, that total loss of thrust for one engine is accompanied by the 
loss of gyroscopic moment due to the same engine. 

For one engine out, then, 

rp     = T "•" T 
tip   Athrust   gyro. 

Ttip ' hTE - W (8) 
where: 

h    = Engine thrust distance from chord line, + downward 13.5 in. 

T_   •= Engine thrust, lb. 

IpjOv, = Defined in Section 5.1.2.1 

Q   = Rotor angular velocity, rad/sec. 
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The largest positive (nose-up) torque would occur for a failure of the 
upper engine with ü ^ 0.    For this condition 

TE ■ 1,700 lb.  (maximum static) 

and Ttl ■= +15.5(1,700) - +22,9^0 in-lb. 

All of the additional torques which depend on Q would be zero for this 
case and the total torsional loading on the blade would be low. 

The largest negative  (nose-down) torque would occur for a failure of 
the lower engine with 

Ö      -  1.05 (S^) = 12.19 rad/sec. 

ÖL    -  2,50U  rad/sec. 

T      = 1,550 lb.   (compatible with cu-.) 

For this  condition 
Ttip " -15-5(l,550) - 1.67(2,30UXl2.19) 
Ttip = -^7,830 In-lb. 

This torque  is smaller than the  combined gyroscopic torque of both 
engines,  and so the torque due to a failure of one engine is not critical 

5.1.2.5    Total Torque Loading 

A review of Section 5.1.2 indicates that the design torque  for the rotor 
blades  is nose-down primarily due to the gyroscopic moment caused by the 
tip engines.    A general expression for blade torque as a function of 
radius  can be written which contains only those terms which add to the 
nose-down moment.    This approach is conservative for blade structural 
design. 

total        G        a©       0 

where:     T_ = Tip engine gyroscopic moment 

T- = Rigid coning torque 

T- = Centrifugal centering torque 

From Sections 5'1«2.1 and 5.1,2.2.1,  it  is conservative to write 

TG * % = -2W *  2089 "»A) (9) 

From Section 5'1.2.2.2, it is conservative to write 
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.a2Ri zz B 
9o(l-l)^(^) (10) 

All of the variables  in Equations  (9) and   (lü) are defined   in previous 
sections.     The  maximum rotor angular velocity  for blade  structural de- 
sign and the maximum possible  collective pitch setting are  used   for con- 
servatism. 

Combining Equations   (9) and  (10) gives  the  following expression  for blade 
torque at any   fraction of radius,  r/R. 

Ttotal= -2W+  2089x/ao.flRIz: B _ »oMH^) R   ' J 
(11) 

Using ßmax "  12.19 radians per second  and 0    E   (22.5/57.5)  radians,  Equa- 
tion  (ll) can be reduced  to the  following equation for Gesign blade 
torque. 

-•■^-iO-^-S) total ■122,550 -  5,^85 in-lb, (12) 

Equation (12)  is plotted  in Figure 9-    This curve, once again,  should be 
considered a conservative maximum,   and  such occurrences as engine  fail- 
ures would only tend to decrease this torsion. 

5.1.5    Aerodynamic Loads 

5.1.5.1    Discussion of Cornell Aeronautical  Laboratory  (CAL) Airload 
Program 

With the use of CAL Airload Program  (Reference l) and Control Data 
Corporation's I60UA digital computer,  airloads were generated for ten 
different flight conditions,   shown  in Table 5. 

The airload program assumes the rotor  is operating  in steady-state  flight, 
The generated walte  and  the airloads  are,   therefore,  the same  for each 
revolution of the blades.    Each blade of the rotor is represented by a 
segmented  lifting line  (bound vortex) located along the steady deflected 
position of the  quarter chord.    The lifting line is considered to advance 
in a stepwise manner through equally  spaced azimuth positions.     In the 
wake,  the shed and trailing vorticity distributions of each blade are 
represented by a mesh of segmented vortex filaments;  each segment is 
straight and of constant vortex strength.    The segmented trailing vortex 
filaments emanate from each of the end points of the lifting line seg- 
ments.     The  segmented  shed vortex  filaments  intersect the  trailing  fila- 
ments  in a manner such that the end points of both are coincident.    The 
strengths of the shed elements are equal to the change in strength of 
the bound vortex segments between successive azimuth stations and are 
deposited in the  flow at each azimuth station of the bound vortex.    The 
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strength? of the trailing vortex elernents are equal to the differences 
in strengths of adjacent bound vortex segments and are deposited in the 
flow in a manner such that they connect the bound vortex end points to 
the shed vortex end points. The displacement time history of the wake 
is relatively unrestricted. Thus, any physically realistic distortion 
of the wake can be incorporated into the computation of the airloads. 
For each azimuth position, the airloads are computed at the mid-points 
of the lifting-line segments. 

The airload program consists of five parts. Each parts accomplishes the 
following: 

a) Part 1 computes the coordinates of the mid-points of the bound 
vortex segments and the coordinates of the vortex end points in 
the wake (end points assumed to move with constant velocity). 

b) Part 2 generates the sigma mtrix, where the sigma elements are 
the coefficients of the unknown bound vortex strengths. 

c) Part 5 normalizes and rearranges the sigma matrix. 

d) Part h  solves the matrix equation by iteration and then computes 
the lift, induced velocity, induced drag, plunging drag, plunging 
velocity, geometric angle of attack, and bound vortex strengths. 

e) Part 5 produces a harmonic analysis of those properties calculated 
in Part h. 

5-1.3'2 Input Data for Cornell Aeronautical Laboratory (CAL) Airload 
Program 

5.1.3.2.1 Nomenclature of the Input Data 

NC    - Number of blades (must be a factor of IA) 

N 

IA 

Number of central points on the blade in which the load is 
computed 

Number of azimuth stations (must contain the factor of NC and 
< 25) 

IRR - Number of revolutions of wake used (maximum radii of 19) 

VF - Forward velocity of rotor (f.p.s.) 

OMEGA - Rotational speed (rad/sec.) 

AT - Tip path plane angle, deg. (first harmonic cosine flapping plus 

HOFS 

forward inclination of the shaft) 

Flapping hinge offset (ft.) 
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RM1 and RM2 - Limits on distance from vortex filament to po^nt where 
velocity is calculated (ft. ) 

AA    - Lift curve slope 

CWA   - Control word for number of lift curve values to be read from 
cards 

WZ(j) - Zero harmonic (steady) component of Induced velocity normal to 
tip path plane at each bound vortex end point (f.p.s.) 
(J « 1, N ♦ 1) 

WC(L, J) - Lth harmonic Fourier cosine component of induced velocity 
normal to tip path plane at each bound vortex end point (f.p.s.) 
(L - 1, (IA - l)/2j J = 1, N + 1) 

WS(L, J) - Lth harmonic Fourier sine component of Induced velocity 
normal to tip path plai-e at each bound vortex end point (f.p.s. ) 
(L - 1, (IA -l)/2j J = 1, N ♦ 1) 

BZ(l) - Steady displacement due to steady bending plus coning at each 
blade segment mid-point (in.) (I - 1, N) 

BZZ(j) - Steady displacement due to steady bending plus coning at each 
blade segment end point (in.), (j - 1, N ■•■ l) 

R(j)  - Radial distance to end points of blade segments (ft.) (j - 1, 
N ♦ l) 

A(K)  - Lift curve slope (K = 1, N (IA)) 

B(l)  - Blade seraichord at mid-points of blade segment, ft, (I = 1, N) 

AJT4D  - Maximum section stalling angle of attack (deg. ) 

KXX   - Number of harmonics of the Fourier series input representation 
of the plunging and torsion motions at each blade station 
(KXX f  0) 

BTAIC - First harmonic Fourier cosine flapping coefficient (deg. ) 

BTAIS - First harmonic Fourier sine flapping coefficient (deg.) 

ZCZSLO(l) - Zero harmonic (steady) slope of plunging displacement 
(I = 1, N) 

ZC(L, I) - Lth harmonic Fourier cosine coefficient of plunging dis- 
placement at each station (in.) (L - 1, KXX; I s 1, N) 

ZS(L, I) - Lth harmonic Fburler Bine coefficient of plunging displace- 
ment at each station (in.) (L - 1, KXX; I B 1, N) 
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ZCPR(L, I) - Lth harmonic Fourier cosine coefficient of plunging dis- 
placement at each station (rad.) (L - 1, KXX; I = 1, N) 

ZSPR(L, I) - Lth harmonic Fourier sine coefficient of plunging dis- 
placement at each station (rad.) (L ■ 1, KXX; I * 1, N) 

TZER(l) - Zero harmonic (steady) blade torslonal displacement (rad.) 
(I - 1, N) 

THOO(L, l) - Lth harmonic Fourier cosine coefficient of torslonal 
displacement (rad.) (L = 1, KXX; I • 1, N) 

THSl(L, I) - Lth harmonic Fourier sine coefficient of torslonal dis- 
placement (rad.) (L = 1, KXX; I = 1, N) 

'j.1.^.2.2    Input Data 

Tables 6 and 7 present the Input data for the five design conditions 
submitted in thlt report.  The input data is explained as follows: 

IRR   - The number of wakes was determined by trial. Three were se- 
lected because greater than three changed the lower harmonics 
an Insignificant amount. This was expected because the addi- 
tional wake is relatively far from the rotor, and the Induced 
velocities due to It are relatively uniform over the disk; 
whereas the Induced velocities due to the nearer wake have a 
considerable variation over the rotor disk and is the primary 
source of the higher harmonics. 

AT    - Reference, Volume 10, Section 5.3-1 

RM1   - Three revolutions of wake gives a wake termination approxi- 
mately one-and-one-half rotor diameter away from the rotor 
disk (Reference l) 

RM2   - Maximum limit of RM1, approximately three percent greater 
than RM1 

AA    - Assumed constant at 5-75 

(VA   - Zero if AA is to be a variable and greater than zero if assumed 
constant 

WZ(j) - Assumed equal to second order curve distribution. WZ ■ 

^[l01.6(r/R) -68.8(r/R) J . This  second degree curve is 
similar in shape to the program output of induced velocity. 

WC(L, J) - First harmonic cosine coefficient is equal to ^/««[^(j)^  ] 
where u /u is based on Reference 2, Figure k.    The  remaining 
harmonic cosine coefficients are assumed zero. 
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WS(L, J) - Tho harmonic sine coefficients are assumed zero 

BZ(l) - Preiiminary deflection analysis 

BZZ(j) - Preliminary deflection analysis 

A(K) - Assumed constant 

BTAIC - Reference, Volume 10, Section 5-5.1 

BTAIS - Assumed zero 

ZCZSLO(l) - Assumed zero 

ZC(L, J) - Assumed zero 

ZS(L, J) - Assumed zero 

ZCPR(L, J) - Assumed zero 

ZSPR(L, J) - Assumed zero 

TZER(T) - Reference, Volume 10, Section 5-5.1 

THC0(L, J) - Assumed zero 

THSI(L, J) - Reference, Volume 10, Section 5.5.1 

5.1.5.5 Results of the Cornell Aeronautical Laboratory (CAL) Airload 
Program 

Airloads for ten different flight conditions were generated using Control 
Data Corporation's 160UA digital computer. Five of these ten conditions 
(Table 5) are presented in this report.  These five conditions represent 
the maximum steady loads (positive and negative), the maximum alternating 
loads, and those alternating loads which may be used with the design fa- 
tigue loading spectrum.  The results of these five conditions are plotted 
on Figures 10 to 6l. 

5.1.5.5.1 Steady and Alternating Lift Loads 

The steady and alternating lift loads are obtained using CAL airload 
program. The results are plotted on Figures 10 through 55. 

5.1.5.5.2 Steady and Alternating Drag Loads 

The steady and alternating drag loads on the blade are determined by the 
following analysis. 
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Drag •   (Drag). .  *     (Drag),.    .    ■»   (Drag)        .. 
induced      jj      ^'bl ide ^^'nacelle J     Q^-Q 

(Drag). . -  Drag due to lift  is analyzed   in CAL v      c'induced        ,   , 
airload program 

[D] profile 
rRri 2 1 

2 p6bC^ar + VYsiny} dr 

Jo L blade L 
|p6nA(ßR*VFsln^)? 

nacelle 

[D] profile 
i p6bc(a^r2 + 2ßrV    sin ^ + V^ sin  * ) dr 

i p6riA(a2R2+ 2aRVv sin ^   *  V^ sin2 ^ ) 2 H n 

blade 

nacelle 

[D] profile io    [I p6bVT(7 4 ^+ 2 ^8in* 4 ^C082* )dr J 
1 2/12 12 \ 
| p6nAV^ (^ 1 + i n   * 2vi   sin ^ - i ^    cos 2M/J 

blade 

nacelle 

2       U 
where: p    = mass density of air  (.002578 lb-sec /ft   ) 

6b -  blade drag coefficient 

&n -  nacelle drag coefficient 

c    =  chord  (ft.) 

ü    - blade angular velocity  (rad/sec.) 

r    -  radius  (ft.) 

VF = velocity  forward  flight  (f.p.s.) 

^    - azimuth angle (deg.) 

A    -  area,  nacelle  (ft   ) 

R    =  radius to tip  (ft.) 

V    =  tip  speed   (f.p.s.) 

.  'VvT 
T    -  required thrust per blade  (lb.) 

The input data necessary to obtain the profile drag for the five design 
conditions are as  follows: 

6b^ .01 

6n = .282 

c   =    6.5 ft. 

R    »   56.0  ft. 

A   = 2.08 ft. 
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TABLE k 
INPUT DATA TO DE'iURMINE PROFILE DRAG 

Data 
Condition 

2 3 5 6 8 

VF 
0 hi 0 hi Ikk 

VT 
650 592 562 562 562 

M 0 .10 0 .11 .38 

a 11.6 10.6 10.1 10.1 10.1 

T 2,100 1,855 1,000 3,100 2,950 

The results of the  total dra^r are  shown on Figures 56 through 6l, 

5.1.^    Rotor Blade Bending Moments 

There are several reliable methods  for calculating the steady  flapwise 
and chordwise bending moments for rotor blades.    One such method  is a 
matrix approach developed  in Reference 5 which shall be called  the Mayo 
method.    The Mayo method  is a rational approach to blade bending moments 
using blade element  theory wherein centrifugal  force,  inertia loads,  and 
aerodynamic damping are taken into consideration.    The method  is limited, 
however,  since  it does not consider the effects of couplea bending and 
torsion nor does  it   include the dynamic response of th" blade  for air- 
load harmonics which  are nearly coincident with rotor blade natural 
frequencies. 

A method has been evolved which makes use of the airloads presented  in 
Section 5-1-5 and unit harmonic load  investigations described and tabu- 
lated  in Reference k.     The unit harmonic load  studies include the cou- 
pled dynamic response  of the blades  since these studies were accomplished 
using the same direct analog computer simulation as was used  for the 
rotor blade  flutter study.    The mechanics of using these unit load re- 
sults are described   in Section ^.l.k.1.2. 

Four flight conditions are considered to be critical for blade design. 
These conditions along with pertinent speed data are as follows: 
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l.Og forward flight hi  mph 

l.Og forward flight Ikk mph 

2.5g pullup hi  mph 

-0.5g hover 0 mph 

10.57 rad/sec. 

10.OU rad/sec. 

10.OU rad/sec. 

10.01+ rad/sec. 

The 2.5g pullup is selected as being the condition which yields the 
largest steady bending moment in combination with its complement of 
harmonic moments. The l.Og forward flight conditions are selected as 
yielding the harmonic bending moments of longest duration (highest per- 
cent of occurrence). The -0.5g hover condition gives the largest nega- 
tive in-flight bending moments at the root while static droop moment may 
be critical along the blade (Figure 65). 

5.1A.1 Flapwise Bending Moments 

The Mayo method for calculating flapwise bending moments is used for 
the steady and first harmonic moments because the unit load method is 
applicable only for the second through the seventh harmonics. The second 
harmonic moments can also be calculated using Mayo's method and will be 
compared with the unit load method for compatibility.  Since the Mayo 
method is completely uncoupled from chordwise and torsional modes while 
the unit load method yields completely coupled bending moments, it is 
expected that comparison of the second harmonic moments will show major 
differences. The ste idy and first harmonic airloads for use in the Mayo 
method are taken from Section 5-1«3 and should yield adequately accurate 
bending moments for blade design. 

5.1.U.1.1 Uncoupled Beno.ng Moments Using the Mayo Method 

The  mechanics of the Mayo method for calculating bending moments are 
not discussed In this report but may be found in Reference 3. The 
physical properties of the rotor blade used in this analysis are those 
plotted in Figures 6 and 7 with the addition of a 1,200-pound concen- 
trated tip weight. The moment stations and mass stations which eure used 
are tabulated in Figure 2. 

The bending moments which result for the four design conditions are 
plotted in Figures 65, 6k,  71, and 78. The steady and first harmonic 
bending moments are to be used for rotor blade design while the second 
harmonic bending moments are superseded by those of Section ^.l.k.1.2 
which follows. 
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MOMENT STATIONS MASS STATIONS 

0.85 5.5 
• 75 5.7 
.65 6.1 
.55 6.I1 
.^5 6.8 
.55 7.2 
.275 7.U 
.225 9* 
.15 14.7 
.05 21.7 

r/R              I-lapwlse EI r/R Lumped Mass 

x 109 lb-ln2 O.95 5.65 Ib-sec^/in, 
x 109 lb-in2 .85 .55 lb-sec2/in, 
x 109 lb-in" .75 .59 lb-sec2/ln, 
x 109 lb-in2 .65 .62 lb-sec2/in, 
x  109 lb-in2 .55 .65 lb-sec2/in, 
x 109 lb-in2 .45 .68 lb-sec2/in, 
x IG9 lb-in2 .55 .71 lb-sec2/in, 
x  109 lb-in2 .25 .92 lb-sec2/in. 
x 109 lt-in2 .15 2.15 Ib-sec^/in. 
x 109 lb-in .05 2.52 lb-sec /in. 

Figure 2.    Moment and Mass Stations. 

5.1.4.1.2    Coupled Bending Moments Using Unit  Harmonic Loads 

Tbe  rotor blade  simulation used  in Reference  k uses  the blade physical 
parameters of Figures  6 and  7 and represents  a completely coupled  model 
of the presently proposed  tip  turbojet rotor blade.     Flapwise and  in- 
plane unit harmonic  loads   (one pound) were  simulated,   independently,   at 
five aerodynamic cells  located radially at 0.25R,  O.UlR,  O.57R,  0.75R, 
and 0.89R.    These urit  loads were applied at harmonics of rotor speed 
in a frequency range  from two to eight cycle? per revolution.     The bend- 
ing moments  resulting  from the harroonic loadings were measured at rotor 
blade stations 0.025R,  0.09R,  0.19R,  0.33R,  0.U9R,  C.65R,  0.81R,  and 
0.945R.    Both the moment magnitude and phase angle (in time) with respect 
to the applied load were  tabulated at each moment station.    Figure  62 
presents a sketch of the  rotor blade to aid  the reader in visualizing 
the spanwise placement of the unit loads and bending moment stations. 

The  flapwise bending moment at any  station can be obtained by  resolving 
the actual flight airloeis  into five concentrated loads at the loading 
stations of Figure 62 and then multiplying these loads by the five 
respective unit bending moments  for that  station.    Before doing this, 
however,   the  unit bending moments must be resolved  into sine and  cosine 
components of rotor  azimuth angle   (\|() because the phase angles reported 
in Reference h are not  always  identical  for all  five applied loads. 
Reference k tabulates  the maximum amplitude of each bending moment  and 
the phase angle  (in time) by which it leads the applied load as shown 
in Figure 5. 
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bending moment 

Figure 3.    Unit Load and Bending Moment Phasing 

Knowing the maximum unit moment and its phase angle with time,   the follow- 
ing identities can be used for   ".nit bending moments as they apply for 
cosine applied airloads  (maximum amplitude at ♦  = 0°) or sine applied 
airloads  (maximum amplitude at t = 90°). 

Cosine Applied Airloads 

In general,  for the nili harmonic: 

m = m cos ni + m sin nil 
C B 

2 
Specifically, 

m 
max. 

2        2 m    + m c        s 

tan n^r  ■ m_/m. s     c 

nf » 36O0 - ^    at ••• m max. 

(13) 

ilk) 

(15) 

Combining Equations  (13),   (1*0 and  (15) gives 

c 
mc = ± 

max. 

l(l ♦ tan2(360° - 4) 

♦ if 270° < (36O0- 4)±90o 

- if 90° 1 (36O0- 4)  1 270° 
(16) 

m   » ni    t8ui(360 - ^) s       c 

Sine Applied Airloads 

In general, for the nill harmonic: 
m ■ mQCOe nt ♦ nig sin nf 

(17) 
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Specifically, m2        - m2+  m2 (l8) 
mäjc «es 

tan n* - ms/mc (19) 

n* -  (56O0- 4) +  9ü0n at m (20) r max. v     ' 

Combining Equations   (l8),   (19),  and  (20),  gives 

m 
m    - ± max- c 

Vi+ tan2r(3600- ^)+900n] 

*  if 270°<   (560°. ^) + 90On    < 90° 

-  if    90°<   (360°-^)*900n    ^270° 

(21) 

me - mc tan [(560° - (zi) + 90On] (22) 

The  flapwise  (or  in-plane)  coupled bending moments can now be calculated 
for any  set of harmonic airloads plotted   in Section ^  1.5-5•   using the 
following matrix  equation: 

H " Wc.zKI' WS,JLS| < WC(X|DC|. rm]S)X|Ds| (23) 
where 

JMJ = column matrix (8 elements) of bending moments at 
stations shown in Figure 62. 

[m] - rectangular matrix (8 rows, 5 columns) of unit 
bending moments due to cosine applied airloads (c) 
in the vertical (z) direction. 

• rectangular matrix of unit bending moments due to 
sine applied airloads (s) in the vertical (z) direc- 
tion. 

= unit bending moments due to airloads applied in the 
drag (x) direction (in-plane). 

= column matrices (5 elements) of cosine and sine 
applied airloads in the flapwise direction. 

= column matrices (5 elements) of cosine and sine 
applied airloads in the drag direction (in-plane). 

Solving matrix Equation (25) using the airloads plotted in Section ^,1.5.5 
yields the second through seventh harmonic bending moments shown in Fig- 
ures 65 through 70, 72 through 77, and 79 through Qk. 

The second harmonic bending moments may be compared with the Mayo method. 
Section 5-l'^-l.l-  The sine components show no correlation while the Mayo 
method seems to correlate but has between a 5O- and 100-percent conserva- 
tive margin for the cosine component,  rhe second harmonic of the Mayo 
method should be used for comparison only and not for design purposes. 

-   'C,Z 

[m] L   Js,z 

Wc,x 
m" Js,x 

Kl- Kl 
"cl. »J 
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5.1.U.2 Chordvlse Bending Moments 

The chordwise (in-rlane) bending moments can be treated in a simple, 
uncoupled manner or in a completely coupled manner as were the flapwise 
bending moments in the preceding section.  In either case,it can be shown 
that the transient chordwise loads of Section 5.2  are much more severe 
than  the steady-state loads of this section. 

5.1.U.2.1 Uncoupled Chordwise Bending Moments 

In order to visualize the magnitudes of steady bending moments which 
are likely to be encountered, consider the helicopter hovering at sea 
level at design gross weight.  Two cases are discussed In which (a) all 
engines are operating and (b) both engines on one blade are Inoperative 
but normal rotor speed is maintained. 

a) All Engines Operating 

Equilibrium engine thrust is 2,020 pounds per blade tip for hover at sea 
level. The equivalent flat plate drag area (Cp ■ 1.0) for each nacelle 

d ■ \iAf 

*   TE-  "N 

tip 

Figure k.    Rotor Drag and Thrust - All Engines Operating, 
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2 
Is taken  as  Ü.63  feet'  and the  in-piane drag of each  rotor blade   is as- 
sumed to vary as the square of distance  from the center] ine of rotation, 

For equilibrium ^otor speed with all   engines operating,  the drag motncnt 
about  the  centerline of rotatl 'n must  equal  the moment due  to engine 
ti,"ust.     Figure k shows the rotor  in equilibrium. 

For V    - RQ =  6^0 f.p.s., R -  672 in.: 

T„ = 2,020 lb. 
K 

3l6 lb. 

/ dtip(5frdr'R(T
E- V 

dtlp = ^E ■  DN)/R 

The rigid-blade bending moments are: 

R .-.2 
M^     (r-x)dt.p(I)dr-   (R.x)(TE-  DN) 

'',■.*' „ x   ^  "  DN) 

5R5 

k 
M -  -56ÖX *   53^270 lb-in- (2J+) 

where:    x = distance from centerline of rotation,  (in.) 
M -  in-plane bending moment,  positive for tension in leading 

edge 

The maximum rigid-blade moment  is  -l&0,^k0 ib-in.  at x -  ^+23-3   in.     The 
maximum flexible-blade bending moment   (including centrifugal  force) would 
be slightly  smaller than the maximum rigid-blade bending moment. 

b)    Two Engines  Inoperative 

In order to maintain normal rotor speed with two engines  inoperative, 
the remaining  six engines must increase their thrust to maintain a total 
tip thrust of     .080 pounds, or 2,693 pounds per blade.    Figure 5 shows 
the rotor in equilibrium. 

The in-plane bending moments in blades 2, 3,  and h are identical and 
loads the leading edge of the blade  in compression while the bending 
moments  for blade 1 load the trailing edge  in compression.     Since the 
centrifugal relief is  small for chordwise bending, the rigid-blade mo- 
ments are presented for design. 
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2,577 lb Blade @ 

2,377 lb. 

Blade 0 

316 lb. 

Blade Q 

Figure 5.    Rotor Drag and Thrust- Tvo Engines  Inoperative. 

The general equation for  in-plane,  rigid-blade bending moments is as follows. 
.2 

M - - (R - x)(TE - V .P (r - x) d      (f)   dr 

I) 
Blade 1: R 

TE 
DN 
d 

M = -   (R -  x)(Tt 

« 672 in. 

= 0 

= 3l6 lb. 

V + d Rx x 

3 12R 

tip 
U(2,020-3l6)/672 » IO.IU3 lb/in. 

Blade 2: 

\ - 1,357,^55- 2,588x + 535^70 in'lb-    ^ 

;        = 672 in. 

E      = 2,695.5 lb. 

N 

^ip 

3l6 lb. 

IO.IU3 lb/in. 
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k 

M2 ■ Jo2,U85 +   105.5x + ^-^70    in-lb- (26) 

Equations  (25) and  (26) are plotted  in Figure 85 sind may be considered 
to be the largest steady in-plane bending moments likely to be encoun- 
tered  by the blades.     It  is  not  rational to consider the  ^-percent rotor 
overspeed  condition combined  with an engine  failure  condition.     Nor  is  it 
rational to  consider military power  for the engines   since  an overspeed 
would occur  fo1- design gross weight. 

5.1A.2.2    Coupled  Chordwise  Bending Moments 

The  coupled  chordwise bending moments were analyzed   in the same manner 
as the  flapwise bending moments  shown in Section 5.I.U.I.2.     Figures 88 
through 95 present the maximum coupled chordwise bending moments.     Condi- 
tion 6  (2.5g pullup,  kl raph) produces the maximum chordwise bending mo- 
ments   for even harmonics  (second,   fourth,and  sixth) and  condition 8  (lg, 
ihk raph) produces the maximum coupled  chordwise bending moments  for the 
Odd harmonics  (third,   fifth,   and  seventh).     Figure 86 presents the  steady 
chordwise bending moment  for  condition b and Figure  87 presents the  first 
harmonic uncoupled chordwise  bending moment  for condition 8.    Reference k 
does  not  include a coupled  unit response  for the  first harmonic;  there- 
fore,   an uncoupled analysis was conducted using a magnification factor 
of h.l.     The magnification  factor was derive! using  the natural frequency 
of 1.15  cycles per revolution  in Reference k. 

5-2    Dynamic   (Transient) Design Loads 

The  rxDtor simulation used  in Reference h  for the direct analog computer 
study of rotor blade flutter boundaries is useful  for  studying dynamic 
blade  loads and motions resulting from a sharp edge gust as well as 
cyclic  and collective pitch  inputs while hovering. 

5.2.1    Gust Response 

Ihree   conditions were  investigated,  all of which were  subjected  to a kO- 
foot-per-second gust  imposed  as a uniform inflow change on the blade.  The 
three  conditions considered  were  (l) an  infinite  fuselage mass,   (2) a 
52,000-pound fuselage,  and  (5) a 25,000-pound  fuselage.     The first condi- 
tion is of academic interest only while the second and third conditions 
are  intended  to simulate design gross weight and minimum flying weight, 
respectively.    Flapwise and  in-plane blade bending moments are given for 
each of these conditions as well as the vertical force resulting at the 
hub. 

5.2.1.1    Gust Load Factor 

In the absence of data such as that  in Reference k,  the load factor re- 
sulting  from a vertical gust  is customarily calculated by considering 
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the rotor blades to be rigid and treating the hovering rotor as having 
undergone an instantaneous  change in inflow equal to the gust velocity. 
A thrust  change,  AT,   is calculated and the resultant load  factor  taken 
as   (W ♦ AT)/W. 

/B2\ For design gross weight,     AT " ( x-j pabcRV U 
*   c 

where 
B =  tip  lobs  factor,  O.Q? 

p = sea level air density,   .002578 slugs/ft 

a -  lift curve slope,  5.73 per radian 

b -  number of blades,  k 

c = blade  chord,  6.5  ft. 

R =  rotor  radius,  56 ft. 

V -  rotor tip  speed,  65O f.p.s. 

U =  gust velocity,  kO f.p.s. 

W = design gross weight,  71,680 It. 

Therefore,        AT =  121,3)5 lb. 

This method of calculating gust loeid  factors leads to the belief that hO 
feet per second would result  in a load factor in excess of the design 
load factor of 2.5 specified in Section k.     The gust conditions pre- 
sented in Reference k show that an alleviation of the gust load  factor 
occurs due to the  flexibility of the rotor blades.    For the design gross 
weight condition,   each blade  is shown to  exert a 29,200-pound vertical 
load on the hub.     Since the blade  inertias  ure already taken into  account 
in arriving at this   load,   the load  factor  caused by the gust  is  calculated 
using only the fuselage mass as follows: 

=     M29,200) s n 52,000       ^^2 

5.2.1.2    Blade Loads Due to Gust 

The  flapwise bending moments resulting from this gust condition are re- 
corded in Reference U and are less than those shown in Figure 71 for the 
2.5g pullup condition. 

The  in-plane bending moments resulting from the gust condition are re- 
corded in Reference k and are plotted in Figure 9^«    It is of Interest to 
note that the initial in-plane motion of the blades is in an aft direc- 
tion but the peak bending moment occurs approximately half a revolution 
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after the gust  is  imposed  and   is   In the negative direction  (compression 
in  the leading edge). 

No directly pertinent  data are  given regarding  blade  torsion due  to a 
gust  condition but  sufficiently  accurate data are  recorded  in Reference 
U  to estimate that the pitching   (torsional) displacement at the blade 
tip does not exceed 0.00^ radians.    If the simplifying assumption is 
made that the blade torsional rigidity is constant along the span and 
that the  torsional mode  shape  is a sinusoidal  twist,  the torque due to 
the gust condition would be as  follows: 

• ' »tip sin i ' •oc* sin i 

T = 0J(i)- ■0*«(ät)«'8ii 
at  the blade root 

To =  .0Ctoo(^)=   .OOM8)l09(T-|inj- )   - 75,000 in-lb. 

This value of root torque  is  less than half of that plotted  in Figure  9 
and,  even though the  torque due to the gust  is an incremental value,   the 
addition of blade torque due to normal hover operation would not consti- 
tute a significant design loading. 

5.2.2    Control Response 

The rotor blade simulation used  in Reference h was used to study the 
response of the blade to cyclic and collective pitch inputs.    The data 
taken were not as complete as were the gust  condition data, but conclu- 
sions can be drawn from the blade tip deflection data presented therein. 

5-2.2.1    Cyclic Pitch Transient 

A 1.0-cycle-per-revolution sinusoidal cyclic pitch  input was imposed on 
the blade which resulted  in flapwise and in-plane transient motions,  both 
occurring very close to the 1.0-cycle-per-revolution forcing frequency. 
The plot of flapwise tip motion of the blade  in Reference h shows that 
for a 0.01 radian cyclic pitch input the tip path plane will rotate 
about 0.01 radian.    The absence of any higher harmonic content,  however, 
suggests that the transient flapwise bending moments are small and, 
indeed, would not equal the steady first harmonic moments of Section 
5.1.^.1. 

The plot of in-plane motion, however,  suggests a transient in-plane bend- 
ing moment of approximately l.O-cycle-per-revolution frequency.    During 
these cyclic control transient  studies, the  in-plane bending moment at 
the blade root  (r/R -   .025) was measured and  tabulated.    For a 1.0-cycle- 
per-revolution cyclic  input  (step input by the pilot), the transient in- 
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plnne bending moment  1B 2U0,00O inch-pounds per degree of cyclic pitch. 
Since the mode shape  for the  first cyclic  in-plane frequency approximates 
a quarter cosine curve, the in-plane bending moments decrease with in- 
creasing radipl position.     These   in-plane moments will  not  design the 
blades  for normal  cyclic pitch  Inputs. 

A review of the  cyclic control  study  indicates that there   is  a possibil- 
ity of inadvertent cycling of the control at 0.U6 cycles per second (in 
the  stationary  system)  which will  result  in very large alternating   in- 
plane bending moments.    Reference k points out that with normal  struc- 
tural damping  (G  ■   .05),   it  is possible,  by  cycling at 0.k6 cycles per 
second,  to  create in-plane bending moments  at r/R ■   .025 of 5,500,000 
inch-pounds.     This bending moment   is   inversely proportional  to  structur- 
al damping  and  could be much higher  if the blade has  less  than a normal 
amount of damping.     Since whirling  the cyclic stick at this  critical 
frequency  is well within pilot  capability,   a conservative  treatment  for 
creating  a moment  curve versus  radius   is taken. 

Assume that  the  first  in-plane mode  shape of this motion  is  the  follow- 
ing quarter  cosine  curve. 

x - xtip ( l   -   COS ^  ) 

Differentiation twice gives 

d x     / n  \ nr 
72  =(2RKip  COS 2R 
dr 

By definition, «-c.T/'dx\-i^ J ' M = El (—^ 1 = K cos nr 
dr 

Since it is known that at r/R =  .025 the bending moment is 5,500,000 
inch-pounds, 

K fts 5,500,000 

therefore M « 5,500,000 cos ^ (2?) 
2n 

Equation (27)   is plotted in Figure 95-     This bending moment variation 
with radial position is assumed,  not actual,  and is considered to be 
conservative. 

5.2.2.2    Collective Pitch Transient 

An exponential collective pitch input of 0.01 radian was used  in Refer- 
ence U to determine blade response.    A time delay of approximately 0.1 
second (to 0.6 of maximum magnitude)  was used to simulate more closely 
pilot action than would be the case  for a step input.     The plot of flap- 
wise tip action shows a damped 1-cycle-per-revolution motion which has 
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negligible transient overshoot.    This absence of overshoot suggests that 
the flapwlse bending moments resulting  from a nornu.   collective pitch In- 
pi't are well damped and will closely  approximate a . mooth transition from 
one  steady bending  con 1"  duration to the  final  steady-state values.     In 
no case would the tranoient moments approach those of Figure 67. 

The plot of in-plane motion due to the collective pitch input does not 
include the effects of tip engine governing,  which wouli be very  impor- 
tant due to the low frequency response of the blade In tue In-plane di- 
rection.    One analytical approach toward estimation of a transient  in- 
plane bending moment would  be to Increase  the  induced and profile drag 
on the blade due  to the additional collective pitch while holding Mp 
engine thrust and  rotor speed constant.     It  can be  safely assumed,  how- 
ever,  that the transient in-plane bending moments would not exceed those 
of Figure 85 vhich are  assumed  for th«  cyclic  stick whirl condition. 

■Hie plot of pitching   (torsional) deflection at the  blade tip  is  similar 
in character to  the  flapwlse deflection curve  insofar as there   is no 
transient overshoot  from the  initial  tip  angle to the  final  steady-state 
value.    The transient  torsiona"   moments on the blade,   then,  will be non- 
critical  for the  collective pitch input  condition. 

5.2.5    Dynamic Tip Environment 

The engines  shall be  capable of operating  in a continuous tip environ- 
ment due to em alternating or transient  loading condition. 

5.2.5.1    Alternating Airload Excitation  (lg and 2.5g) 

To determine the maximum load at the tip an area moment analysis was 
conducted to determine the tip deflection.    Using the resultant moment 
for the second harmonic lg  and 2.5g flight  conditions  (Figures  68 and 
75) and the flapwlse El distribution  (Figure  l),  the tip deflection  for 
lg is k inches  and 2.5g Is  2.2  inches.     With  these deflections,   the 
following analysis  can be made  to give  the tip acceleration. 

Ig Condition 2.5g Condition 

z    =■    k.O in. o 
z    =    z    sin 22*" o 
z    =    2z Q cos 20t 

0 2 z    -  J+z Ö   sin 20t 
0 ? 

n   =-    16(12.17)7586 - ±6.1 

The  in-plane acceleration is analyzed  in the  same manner as  flapwlse 
acceleration.    The deflection is 0.8 inches for a 2.5g flight  condition. 
With this deflection,  the acceleration is analyzed as follows. 

z - 2.2 in. 
0 

z = z sin 2at 
0 

z = 2z a cos 2at 
0 ? 

z = -kz  a sin 2at 
0       2 

n = 8.8(12.17)7586 ' = ±3.4 

kk 
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2.^g Condition 

x    -    0.8 in. 
o 

x    "    x    sin 2flt o 
x    "    2x fl cos 2Qt 

o ? 
x    -  -kx a    sin 20t 

0 p 
nx       5.2(12.17)7386 ±1.2 

5.2.3.2    Gust 

The flapwise and In-plane acceleration for a gust condition was analyzed 
in Reference k. Figure 2.28 of Reference k shows the following acceler- 
ations : 

n    - :t8.15 z 
n    = ±1.91 

x 

^ 
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PRELIMINARY DESIGN 
TABU: 5 

SPECTRUM FOR ROTOR AIRLOAD ANALYSIS 

Cond. Flight Maneuver* 
Limit Load 
Factor 

Flight 
Speed 

(m.p.h. 

Rotor Tip 
Speed 

)   (f.p.s.) 
f 

1 Hover 1.0 0 415 0 

2 Hover 1.0 0 650 0 

3 Forward flight 1.0 hi 592 0.1 

k Cruise 1.0 70 592 0.17 

5 Dive .0.5 0 562 0 

6 Pullout 
forward 

at 
flight 2.5 41 562 0.11 

7 Pullout 
maximum 
flight 

at design 
forward 

2.5 ikk 562 0.58 

8 Design maximum 
forward flight 1.0 ikk 562 0.38 

9 Design maximum 
forward flight 1.0 Ikk 592 0.56 

10 Design maximum 
Ibrward flight 1.0 Ikk 622 0.54 

• Gros s weight at sea level. 

♦•Flight speed divided by tip speed 
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TABLE 6 
^mm^^ 

INPUT DATA FOR CAL AIRLOAD PROGRAM - PART I 

CONSTANTS 

Maneuver Cond NC N IA IRR VF OMEGA AT HOFS 

Hover 2 k 5 16 3 0 11. 6 0 0 
Fwd. fit. 5 k 5 16 3 60.1 10. 6 1.7 0 
Dive 5 k 5 16 3 0 10. 06 0 0 
Pullout - 
fwd. fit. 6 h 5 16 3 60.1 10. 06 6.4 0 
Maximum 
fwd. fit. 8 k 5 16 3 210.9 10. 06 15-5 0 
Maneuver Cond RM1 RM2 AA CWA AMFD KXX BTAIC BTAIS 

Hover 2 168 175 5.73 11.1 12 1 0 0 
Pwd. fit. 3 168 173 5-73 11.1 12 1 0 0 
Dive 5 168 173 5.73 11.1 12 1 0 0 
Pullout - 
fwd. fit. 6 168 173 5.73 11.1 12 i 0 0 
Maximum 
fwd. fit. 8 168 173 5.73 11.1 12 1 3.94 0 

VARIABLES 

Maneuver Cond . r/R 1 rfZ(j) WC(L,J) WS(L,J) BZ(I) BZZ(J] R( J) A(K) B(I) 

0 0 0 0 _ 0 0 m _ 

.1 - - - 1.2 - - 0 3.25 

.2 -21.0 0 0 - 2.5 11 .18 - - 

• 5 - - - 3.9 - - 0 3.25 
A -35 A 0 0 - 5.2 22 .36 - - 

Hover 2 • 5 _ m - 6.5 - - 0 3.25 
.6 -U3.2 0 0 - 7-7 33.54 - - 

•7 _ - - 8.8 - - 0 3.25 
.8 .kk.9 0 0 - 9.6 kk .72 - - 

• 9 m - - 10.3 - - 0 3.25 
1.0 "39.2 0 0 - 10.8 55.9 - - 

0 0 0 0 m 0 0 _ m 

.1 - - - 1.2 - - 0 3.25 

.2 -10.9 -6.2 0 - 2.6 11 .18 - - 

•3 - . - k.l - - 0 3.25 
.k .18.1* -10.4 0 - 5.5 22 .36 - m 

Fwd. Fit. 3 • 5 - - - 7.1 - - 0 3.25 
.6 -22.5 -I2.7 0 - 8.5 33.54 - - 

• 7 - . - 9.8 - - 0 3.25 
.8 .23.1 -I3.I 0 - 10.8 kh .72 - - 

• 9 - - - 11.7 - - 0 3.25 
1.0 -20. U -II.5 0 - 12.1* 55 .90 - - 

All values of "L* greater than 1 are assumed zero. All values of " K" 
| are assumed zero. 

mmmai ̂ ^ 
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lABIZ 6 (Continued) 

1                                             VARIABI£S  (Continued) 

Maneuver Cond..r/R WZCJ) WC(I»J) wsCv) BZ(I) BZZ(J) R(J) A(K) B(I) 

0 0 0 0 a 0 0 m . 
.1 - - - 1.25 - - 0 3.25 
.2 -12.3 0 0 - 2.67 11.18 - - 
• 3 - - . U.23 - . 0 3.25 

Dive 
' :^ 

-20.6 0 0 
7.55 

5.89 22.36 
0 3.25 

.6 -25.6 0 0 - 9.10 33.54 - - 
• 7 - - - 10.48 - - 0 3.25 
.8 -26.5 0 0 - 11.69 kk.72 - 
.9 - - - 12.71 - - 0 3.25 

1.0 -23.3 0 0 - 13.53 55.9 - - 

0 0 0 . _ 0 0 m m 

.1 - - 0 1.6 - - 0 3.25 

.2 -;7.2 -9.7 - - k.o 11.18 - 

.3 - - 0 7.2 - - 0 3.25 

.1» -29.I -16. u _ _ 10.9 22.36 - . 
Pull out 6     -5 - - 0 1U.9 - - 0 3.25 
Pwd. Fit. .6 -35.5 -20.1 - - 18.8 33.54 - 

.7 - - 0 22.3 - - 0 3.25 

.8 -36.5 -20.6 - - 25.5 44.72 - 

.9 - - 0 28.1 - - 0 3.25 
1.0 -32.2 -18.2 - - 30.U 55.9 - - 

0 0 0 _ m 0 0 _ _ 
.1 - - 0 1.3 - - 0 3.25 
.2 -3.3 -2.5 - - 2.7 n.18 - - 
•3 - - 0 k.2 - - 0 3.25 

Maximum 
FweLFlt. 8     .5 

.6 

.5.6 

-6.9 

-U.l 

-5.1 
0 I'.S 

5.9 

9.1 

22.36 

33.54 
0 3.25 

• 7 - - 0 10.^ - - 0 3.25 
.8 -7.1 -5.2 - - 11.7 44.72 - - 
• 9 - - 0 12.7 - - 0 3.25 

1.0 -6.2 -U.6 - - 13.5 55.9 - - 
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lg Forward Flight at 41 m. p. h. 
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2. 5g pullup at 41 m. p. h. 
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lg Forward Flight at 144 m. p. h 

1.0 

^      0. 8 
o 

i 
c 

0.6 

0. 4     

c 
it 

E     0. 2 
o 
2 

c 
■v 
c 

0 

-0.2 

-0.4 

\\ Y  1 

I r—— 

1 

 !  

I  

■——♦   , 

\ 

\ 

Steady 
1      . 

\ 
r      1 

—  - 
■ 

i 

■    - i 

\ 

_ i i 

y 
/ 

/     \ 

0 

-X) 
i 
o 
—< 

I 
c 

c 

£ 
0 

M 
c 

■ -* 

C 
0 

0.2 0.4 0.6 0.8 1.0 
Fraction of Radius,  r/R 

0 

•0. 1 

•0.2 

-0. 3 

2nd T* Harmonic 

r/R 

Figure 78.    Flapwise Bending Moment Versus Radius. 

91 



1 

N 
,s ^ 

\ i 
/ 

>i 
\ ! 

A u \ 
i ■* i f 

k. 

o    / I 

\ 1 / 
| 

V x I i 

v. ̂
 ^., / 1 

7 
ZJ k _ 

8      S 
i 

oo 

V£) 

OJ 

0      .3      S      ß     5      8      S 
• • H ^ CVJ CV 

U) 

tu 

& 

o 
a. 

T3 

• oo 
*   6 

ß 
O ^t    O 

ß H -P 
Q -H 
B      ^ 'O 
H   bü ß 
O   rT   O 

s 
—1 I  1 ^ 

1    1 ^ 

"^ 

—i 

/ L^ 
v 

\ 
^N 

\ 
> 
\ y 

r 

\ S [^ 
4) 
C .s / 

to ] g / 

/ 

/ 
/ 10 

/ 

X K o V 
4 
/ 

X 

ß    g s    s    g    s 

00 

VD 

OJ 

as 

ON 

I o 

92 



—1 r ' 
j 

V 
J 1 

c 1 
1   « L) 

i 

• L O l_ \- I     ir, 
u V 
\ L L- mmmm 

00 

^D 

(Nl 

r* 
-C .»H 

4-> —4 

■ *-< h 

1 4 
*- 
c ^ ** 
V ^ • 

£ 0 X 
(n 

0 d. 
2 i 

e: V 
<« c t 2 BJ     .- 0 t a 

^ s, B 
f4 u >   c 
^ rt QC     0 
k X cu 
fvi 
00 

i 
u 
3 
QC 

o o 
rg 

o 
00 

o o o 
00 

I 

o o o c 

I 

// 

/ / 

Ü / 
i 

■    h 
U  ' ,      ." 

V V 
1 

\ 

\ s^ 
^ L ^N V ̂

 
•V. 

00 

go 

rg 

I O 
o o 

(M 
o 
CO 

o o o o o o 
<* 00 (M sO o 

I 1 -^ 
i 

u 
3 
0 

1) 
in 

a. 
d 

X) 

a) 

0 

X 

c 
o 

u     .   C 

00 

I) 
M 
3 

XI 

I 

CO 

O 

93 



■■1 -"■ •^ 

» 
'— 
\ 

V N S 

o 1 n 
■■ 

— — \y s m 
i 

A 1 

s / 
1 
1 

/ 
r 

\ s. 
1 

N L i 1 

CO 

VD 

CM 

So o o o 
CQ 00 -J- S      S      R      5 

01   -H 
>   rH 
V  fM 

CO 
TJ 

'    fa ^~. 

8 § 
• 

A: • 
e (^ A • CXJ 

nr         (DO | o 

»-.      TJ  S H f 
>   O •H 

F
la

p
 

H
ar

m
 

i 5 
■ 

CO 

QJ 
^ 
ä 
T^ 

PM 

«S CJ a} 

H 
i 

tu 

7) 

/ 

—^ 
r-l 

m 

i 
c 

1 ^ vO 
c 

1 '^ 

_^ 

y 
K fVJ 

^ 
\ V N ̂

 
o 

o 
3 cO KJ vo 

u 

CO 

•H 

TJ 

P 
2 

a) 
aj _0 

£  -  n a 
f-   o ^ o 

•H    ß   rH   +J 
?    Q -H 

CO 

hs 

9U 



Two Engines Inoperative in Hover 
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